c Necrotic enteritis (NE) is an economically important disease of poultry caused by certain Clostridium perfringens type A strains. NE pathogenesis involves the NetB toxin, which is encoded on a large conjugative plasmid within a 42-kb pathogenicity locus. Recent multilocus sequence type (MLST) studies have identified two predominant NE-associated clonal groups, suggesting that host genes are also involved in NE pathogenesis. We used microarray comparative genomic hybridization (CGH) to assess the gene content of 54 poultry isolates from birds that were healthy or that suffered from NE. A total of 400 genes were variably present among the poultry isolates and nine nonpoultry strains, many of which had putative functions related to nutrient uptake and metabolism and cell wall and capsule biosynthesis. The variable genes were organized into 142 genomic regions, 49 of which contained genes significantly associated with netB-positive isolates. These regions included three previously identified NE-associated loci as well as several apparent fitness-related loci, such as a carbohydrate ABC transporter, a ferric-iron siderophore uptake system, and an adhesion locus. Additional loci were related to plasmid maintenance. Cluster analysis of the CGH data grouped all of the netB-positive poultry isolates into two major groups, separated according to two prevalent clonal groups based on MLST analysis. This study identifies chromosomal loci associated with netB-positive poultry strains, suggesting that the chromosomal background can confer a selective advantage to NE-causing strains, possibly through mechanisms involving iron acquisition, carbohydrate metabolism, and plasmid maintenance. C lostridium perfringens is an important Gram-positive anaerobic pathogen of humans and animals and is found ubiquitously in soil and in the gastrointestinal tract of vertebrates. It causes a number of histotoxic and enterotoxemic diseases, including necrotic enteritis (NE), an economically important disease of poultry. NE is characterized by necrotic lesions in the small intestine and can occur in an acute form, which is often responsible for high flock mortality, and a subclinical form, which results in production losses (1). A novel toxin, NetB, is present in the majority of disease-associated isolates and plays a critical role in NE pathogenesis (2, 3).
C
lostridium perfringens is an important Gram-positive anaerobic pathogen of humans and animals and is found ubiquitously in soil and in the gastrointestinal tract of vertebrates. It causes a number of histotoxic and enterotoxemic diseases, including necrotic enteritis (NE), an economically important disease of poultry. NE is characterized by necrotic lesions in the small intestine and can occur in an acute form, which is often responsible for high flock mortality, and a subclinical form, which results in production losses (1) . A novel toxin, NetB, is present in the majority of disease-associated isolates and plays a critical role in NE pathogenesis (2, 3) .
As a species, C. perfringens produces an array of extracellular toxins, four of which (alpha, beta, epsilon, and iota) form the basis for a toxin-typing scheme (4) . Several of these toxins, including beta2-toxin, C. perfringens enterotoxin (CPE) (in non-food-borne strains), and all of the typing toxins except for alpha-toxin, are encoded on a conserved family of large plasmids related to the pCW3 tetracycline resistance plasmid (5) (6) (7) . These plasmids share a conserved core region that includes the transfer of the clostridial plasmid (tcp) locus required for conjugation (6, 8, 9) . The gene encoding NetB was recently localized to a 42-kb pathogenicity locus, NELoc-1, which resides on an ϳ85-kb plasmid in this family (10) . Two additional NE-associated loci were also identified, one of which (NELoc-3) is located on a similar but distinct plasmid from NELoc-1, whereas the other locus (NELoc-2) is chromosomally located (10) . A NetB-encoding plasmid (pNetB) was recently sequenced and found to contain a locus with 99% sequence identity to NELoc-1; furthermore, this plasmid was confirmed to undergo conjugative transfer (5) . It is still not clear how these distinct but related large plasmids are maintained and coexist within a single bacterium.
The transmissible nature of key C. perfringens toxin and related virulence genes raises the prospect that strains might be converted to different pathotypes through plasmid acquisition or loss and suggests a need for further examination of the contribution of the bacterial host to pathogenesis. Previous pulsed-field gel electrophoresis (PFGE) analyses of NE-associated C. perfringens isolates failed to provide evidence for a relationship between subtypes from different flocks (11, 12) , indicating that there were numerous clonal origins of virulent strains that resulted from horizontal transfer of virulence genes. However, two recent multilocus sequence typing (MLST) studies identified two prevalent clonal groups among NE-associated isolates, thus suggesting that specific core chromosomal genes might be important for NE pathogenesis (13, 14) .
In this study, we used microarray comparative genomic hybridization (CGH) to examine the genome content of a set of 54 genetically diverse C. perfringens isolates derived from either healthy broiler chickens (intestinal tract or retail chicken meat) or from the intestine of broiler chickens with NE. We have determined the variable gene regions that represent, in part, the accessory genome among these isolates, and we have identified those regions that are significantly associated with the presence of the netB plasmid. The genotypic relatedness of these isolates was also determined based on CGH data, providing insight into the evolutionary basis of the prevalence of certain NE-associated clones (13, 14) . DNA extraction and Cy labeling. Genomic DNA was extracted from 1 ml of overnight culture in brain heart infusion (BHI) broth using the Gentra Puregene yeast/bacteria kit (Qiagen, Mississauga, ON, Canada). Genomic DNA from each test isolate was labeled with Cy3 using an indirect labeling method. Briefly, 3 g of genomic DNA was labeled with aminoallyl dUTP (aa-dUTP) (Sigma, St. Louis, MO) in a 50-l reaction mixture containing 15 g random hexamers (Invitrogen, Grand Island, NY), deoxynucleotide-aminoallyl dUTP mix (0.2 mM each dATP, dCTP, and dGTP and 0.12 mM dTTP and aa-dUTP) and 50 U of Klenow (exo Ϫ ) (New England BioLabs, Ipswich, MA) at 37°C for 2 h. Unincorporated deoxynucleoside triphosphates (dNTPs) were removed by passage through an Amicon Ultracell-30 filter unit, and the eluted aminoallyllabeled genomic DNA (gDNA) was evaporated in a vacuum concentrator and resuspended in 4.5 l sodium bicarbonate (pH 9.3). Cy3 monofunctional reactive dye (GE Healthcare, Piscataway, NJ) suspended in 4.5 l dimethyl sulfoxide (DMSO) was added and allowed to incorporate for 1 h at room temperature in the dark. Unincorporated dye was removed by purification with the Qiagen PCR purification kit according to the manufacturer's instructions, and the incorporation of Cy was assessed by measuring the absorbances at 260, 550, and 650 nm with a NanoDrop 1000 spectrophotometer (Wilmington, DE).
Microarray hybridizations. For each array, genomic DNA pooled from the two reference strains, CP4 and JGS4143 (3 g each), was labeled with Cy5 as described above and cohybridized with a Cy3-labeled test sample. Before applying to the array, the Cy3-and Cy5-labeled samples were evaporated to several microliters, combined in 29 l hybridization buffer (Ocimum), heat denatured for 3 min at 95°C, and snap-cooled on ice for 3 min. The arrays were hybridized overnight at 42°C in a humidified chamber, and the slides were washed once in 2ϫ SSC, 0.1% SDS that was prewarmed to 42°C for 5 min, twice in 0.1ϫ SSC, 0.1% SDS for 5 min, five times in 0.1ϫ SSC for 2 min, and once in 0.01ϫ SSC for 10 s to remove the unbound sample. The slides were dried by centrifugation and scanned with a ScanArray Express scanner (PerkinElmer, Waltham, MA).
Microarray data analysis. Fluorescent intensities were extracted from the scanned images using ScanArray version 3.0 software (PerkinElmer). Normalization was performed with BRB ArrayTools version 4.1.0 software (see http://linus.nci.nih.gov/BRB-ArrayTools.html) using the median over arrays function, and spots with a Cy3 raw intensity of Ͻ2,000 were removed and designated undetectable. Genes were determined to be present or absent by GACK version 3.631 software (19) using the bioutput function with a 0% estimated probability of presence (EPP) cutoff, and heat maps were generated with GenePattern version 3.3.3 software (Broad Institute) (18) . Clustering of binary CGH data was performed with BioNumerics version 6.6 software (Applied Maths) using the binary simple-matching and UPGMA methods. Fisher's exact test for independence (two-tailed) was used to test the null hypothesis that there was no difference in the numbers of netB-positive and netB-negative (or poultry and nonpoultry) strains testing positive for a given gene. Contingency tables were analyzed using the false discovery rate calculator for 2ϫ2 contingency tables web-based tool (Microsoft), which performs P value adjustment to correct for multiple testing (20) . The genomic context of the variable regions detected by CGH, including their boundaries and the presence of additional genes not represented on the array, was inferred based on nucleotide sequence comparison of the CP4 and JGS4143 draft genomes with the genomes of ATCC 13124, SM101, and Str13 using the Artemis Comparison Tool (ACT) version 8 software (Sanger Institute) (21) . A probe sequence was considered to be of plasmid origin if it was 100% identical to a sequence from C. perfringens plasmid pCW3 (NCBI reference sequence NC_010937), pCPF5603 (NC_007773), pCPF4969 (NC_007772), pCP8533etx (NC_011412), pNetB (JN689219), pTet (JN689220), pBeta2 (JN689217), pSM101A (NC_008263), pSM101B (NC_008264), pCP13 (NC_003042), pIP404 (NC_001388), pBCNF5603 (NC_006872), or pCPPB-1 (NC_015712) based on BLAST nucleotide alignments.
PCR confirmation of variable genes. To validate the microarray results, PCR primers were designed for nine variable genes and one conserved gene using Primer3 (22) . Genomic DNA was prepared from overnight single colonies using InstaGene Matrix (Bio-Rad Laboratories). Each PCR mixture contained approximately 1 l of template DNA, 0.5 U of Platinum Taq high-fidelity DNA polymerase (Invitrogen), 0.2 mM dNTPs, 1ϫ PCR buffer, 2 mM MgSO 4 , and 0.2 M each primer in a 25-l reaction mixture. The reaction mixtures were subjected to the following amplification conditions: one cycle of 95°C for 5 min; 35 cycles of 95°C for 30 s, 53°C for 30 s, and 68°C for 5 min; and one cycle of 72°C for 10 min. All primers used are described in Table S2 in the supplemental material. PCR product sizes were determined by agarose gel electrophoresis, and visualization was accomplished by ethidium bromide staining.
RESULTS
PFGE typing of Clostridium perfringens poultry isolates. Several of the 54 C. perfringens poultry isolates examined in the current study had been typed by disparate methods, including MLST, PFGE, and multilocus variable number of tandem repeats analysis (MLVA), in previous studies (14, 23, 24) . To assess the genetic relatedness of the isolates using a common method, all were typed by PFGE, with the exception of one strain (JP77) that was not typeable (see Fig. S1 in the supplemental material). PFGE analysis revealed a wide range of genetic diversity among the 53 typeable isolates, which produced 53 different PFGE patterns that were distributed into 44 major types. A dendrogram generated from the PFGE profiles placed all except for four of the isolates into three main clusters (I through III).
Identification of variable genomic regions among 63 Clostridium perfringens strains. The genomic content of 54 C. perfringens isolates of poultry origin, 29 from birds with NE and 25 from healthy chickens, was examined by microarray CGH (Fig. 1) . In addition, nine sequenced nonpoultry strains were included via in silico hybridization. To validate the array, hybridizations with genomic DNA from C. perfringens Str13 and ATCC 13124, for which complete genome sequences are available (25, 26) , were performed and compared against the in silico hybridization results, revealing an average specificity and sensitivity of 99.46% and 96.3%, respectively.
We initially sought to identify the genomic regions that exhibit variability among the set of isolates, as these regions are most likely to encode phenotypic differences between strains. Those genes present in 10% to 90% of the combined 63 poultry and nonpoultry strains were defined as variable, thus excluding both very lowand high-frequency genes. The vast majority of the gene probes (86.7%) were called present in 90% or more of the strains. The variable genes were grouped into regions if they were within 5 kb of each other and located on the same contig, based on the CP4 or JGS4143 draft genome sequence coordinates. A total of 400 variable genes were identified and grouped into 142 different regions, ranging in size from 116 bp to 42,019 bp (see Table S3 in the supplemental material). The variable genes were classified into 19 functional categories by the RAST annotation system (27) , although for the majority of them (n ϭ 322, 80.5%), a putative function could not be determined (see Fig. S2 in the supplemental material). Of the 78 that were classified, the most abundant categories were "carbohydrates" (n ϭ 28) and "cell wall and capsule" (n ϭ 19). A number of genes in the carbohydrates category were predicted to be involved in carbohydrate metabolism, including the metabolism of lactose (VR-01), fructooligosaccharides (FOS) and raffinose (VR-05), N-acetylglucosamine (VR-05, VR-92, and VR-122), and D-glucoronate (VR-100). Additionally, a C 4 -dicarboxylate transport system, involved in anaerobic energy metabolism, was found in VR-136 and VR-137 (28) .
Variable genes with functions related to the cell wall and capsule included two sortases (VR-10B and VR-92), a dTDP-rhamnose biosynthesis operon (VR-13), and a capsular polysaccharide (CPS) biosynthesis locus (VR-9 and VR-109). The dTDP-rhamnose biosynthesis operon is closely linked to other variably present genes related to CPS biosynthesis (VR-13 and VR-14) and might represent a previously unidentified locus involved in the production of the C. perfringens CPS. The majority of the genes representing the core CPS biosynthesis locus, found in VR-9, VR-109, and VR-110, were variably present among the 63 poultry and nonpoultry isolates (see Table S3 in the supplemental material), consistent with the diversity observed in the C. perfringens CPS structure (25, 29, 30) .
A previous study reported variability in the genes for several chromosomally encoded extracellular toxins and enzymes among three strains examined (25) . Of the 18 minor toxins and extracellular enzymes examined in that study, only nagL, encoding a hyaluronidase, exhibited variability among the 63 strains (see Table  S4 in the supplemental material).
To verify the CGH results, nine genes that were variable and one gene that was conserved among the poultry isolates were confirmed by PCR in 30 of the 54 poultry isolates. Of the 291 PCRs for which corresponding CGH data were available, 286 (98.3%) were in agreement with the microarray results (see Table S5 in the supplemental material), indicating a high degree of concordance between the PCR and CGH results.
Variable regions specific to poultry isolates. To identify genetic loci that might play a role in host adaptation, the variable genes present among the poultry and nonpoultry strains were subjected to association analysis using Fisher's exact test for independence. A total of 241 variable genes were significantly associated (P corr Ͻ 0.05, two-tailed test) with poultry isolates, compared with the nonpoultry strains, with 99 of them absent from all nine of the nonpoultry strains (see Table S6 in the supplemental material). The majority of the latter group consisted of phage and plasmidrelated genes and included the two previously identified plasmidborne NE-associated loci (NELoc-1 and -3) (10). In addition, a number of nonprophage chromosomal genes were found exclusively in poultry isolates, including those found in VR-10B, VR-62, VR-101, VR-105, VR-109, and VR-110.
The VR-10 locus is found immediately downstream of the CPS locus and consists of two alleles, VR-10A and VR-10B, which appear to encode different cell surface proteins related to adherence (Fig. 2) . A von Willebrand factor type A domain protein is present in VR-10A, and a collagen adhesin is in VR-10B (31). Although both alleles encode a two-component regulatory system, they are distantly related based on amino acid sequence identity (see Fig.  S3 in the supplemental material). Four of seven genes within VR-10A were negatively associated with the poultry isolates, exhibiting an average prevalence of 44% among poultry strains and 94% among nonpoultry strains (see Table S6 in the supplemental material). In contrast, the genes constituting the alternative VR-10B allele exhibited an average prevalence of 64% among the poultry isolates and were absent from the nonpoultry strains. According to the array results, two of the poultry isolates appeared to carry both alleles; however, these anomalies have not yet been confirmed by an alternative method such as PCR. Given the association of VR-10B exclusively with poultry isolates, this locus might encode a poultry-specific colonization factor.
A cluster of six genes related to drug resistance (VR-62; two genes are not represented on the array) were present in, on average, 66% of the poultry isolates and absent from the nonpoultry strains. This locus contains a transcriptional regulator (CP4_ , and Str13 (hybridization). The host disease statuses of the isolate sources are given at the top. Probes are ordered according to the draft CP4 genome sequence, with the start of the genome at the top, and the CP4 contig boundaries are indicated on the left side. Probes specific for JGS4143 are placed at the bottom. On the left side, two regions identified as variable by Myers et al. (25) , the capsular polysaccharide locus (CPS) and the large deletion found in Str13 (Str13⌬), are labeled, as are the locations of prophage. Variable probes and those significantly associated with netB-positive isolates (P corr Ͻ 0.05, Fisher's exact test) are indicated in the final two columns (black) on the right. The latter probes are annotated with the variable region and its putative function, where known (see Table S3 in the supplemental material for details on the variable regions). vWF, von Willebrand factor; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide. 2430), a VanZ family protein (CP4_2429), and two proteins with an ABC drug transporter domain (CP4_2433 and CP4_2436), a domain that is associated with drug resistance and lantibiotic immunity. Additional poultry-associated variable regions included a CPS locus (VR-109 and VR-110) and two regions encoding hypothetical proteins (VR-101 and VR-105).
Prevalence and conservation of NE loci among poultry isolates. A previous study identified three loci highly conserved in NE-producing strains (NELoc-1 to -3), but only a limited set of virulent strains and just one healthy bird isolate were used in the comparison (10) . To extend the previous findings, the prevalences of these three loci as determined by microarray CGH were examined in the present study among the larger set of isolates, which includes 29 obtained from healthy birds. PCR detection of netB revealed prevalences of 60% (15/25) in the NE bird isolates and 21% (6/29) in the healthy bird isolates (see Table S1 in the supplemental material). The presence of NELoc-1, as detected by CGH, was generally concordant with the netB PCR results and revealed that the locus, when present, was conserved essentially in its entirety (Fig. 3) . Strain CP2 was previously shown to carry a small deletion in NELoc-1 (10), which was correctly detected by the array. A number of NELoc-1 genes were unexpectedly identified as present in netB-negative isolates. Spot testing of several of these probes by PCR, however, confirmed in each case a false-positive array result (data not shown), suggesting that the majority, if not entirety, of the NELoc-1 genes called present among the netBnegative isolates were in fact false positives. In some cases, the poor specificity of NELoc-1 probes can be explained by the presence of similar regions on other plasmids (e.g., CP4_3451-53, CP4_3470-74, CP4_3477), as evidenced by the in silico hybridization results with nonpoultry strains, which might result in crosshybridization.
NELoc-2, which is located on the chromosome, was present in 84% (21/25) of NE isolates and 41.4% (12/29) of non-NE isolates, and when NELoc-2 was present, it was found in its entirety (Fig. 3) . This locus was present in all isolates that carried NELoc-1 and was the most closely associated with host disease status among the three loci. The average prevalences of NELoc-3 genes were 71% in NE bird isolates and 52% in healthy bird isolates. As with NELoc-1, three NELoc-3 genes also exist on other plasmids (CP4_3567, CP4_3569, and CP4_3570), and these gene probes might crosshybridize with sequences from other coexisting plasmids. Based on the remaining two genes specific to NELoc-3 (CP4_3472 and CP4_3568), this locus was found in 65% of NE bird isolates and 36% of healthy bird isolates. It was demonstrated previously that NELoc-3 and cpb2 are colocalized to the same plasmid (10) . However, in the current study, only 55.2% (21/38) of the cpb2-positive isolates also carried NELoc-3, indicating that this linkage is not conserved (see Table S1 in the supplemental material). Similarly, there was not a strict linkage between NELoc-3 and NELoc-1, with at least two isolates possessing NELoc-1 but not NELoc-3. NELoc-2, on the other hand, was present in all strains that carried NELoc-1, supporting the hypothesis that this chromosomal locus plays an important role in NE pathogenesis.
Association of chromosomal "fitness" loci with netB-positive poultry isolates. To find additional genes that might play a role in virulence, the 400 variable genes underwent association analysis, and those exhibiting significant linkage disequilibrium with netB (P corr Ͻ 0.05, Fisher's exact two-tailed test) were identified. The presence of the NetB toxin has been demonstrated to be a reliable predictor of NE-producing capability (3, 32) and was therefore chosen as a marker for virulence. Of the 400 variable genes identified, 128 were significantly associated with netB carriage, distributed into 48 variable regions (Fig. 4 and Table 1 ; also see Table S6 in the supplemental material for details). Ten genes exhibited a negative association with netB, and the remainder were positively associated. The 34 genes found on NELoc-1 were excluded from the analysis, given their physical linkage to netB.
Thirty-one of the significant genes were predicted to be plasmid borne based on BLAST alignment of the oligonucleotide probe sequences with the complete sequences of 13 C. perfringens plasmids (Table 1) . These included two genes localized to pNetB, but outside NELoc-1, and 11 specific to pBeta2, including those for NELoc-3. An additional three gene probes were specific for the tetracycline resistance plasmids, pTet and pCW3, which have not been shown to be associated with NE. For two netB-associated VRs (VR-70 and VR-89), only some of the probes exhibited sequence similarity to known plasmids; therefore, they appear to represent previously uncharacterized C. perfringens plasmids. The remaining plasmid-related probes represented genes present on multiple plasmids and therefore could not be localized to a specific plasmid. Table S3 in the supplemental material for details on the variable regions. The remaining 63 netB-associated genes were predicted to be chromosomally located. The most significantly associated were those in NELoc-2 (VR-06), which were present in all of the netBpositive isolates and, on average, in 44% of netB-negative isolates. Twelve of the significant chromosomally located genes were related to prophage or insertion sequences, and an additional 13 were hypothetical proteins for which a putative function could not be assigned; therefore, these genes were not considered further.
Several significant variable chromosomal regions encoded proteins putatively involved in nutrient acquisition or metabolism, including VR-05 and VR-38, both of which encode ABC transporter systems. VR-22 consists of four genes that encode a putative ferric iron siderophore ABC transporter system, all of which were significantly more prevalent in the netB-positive isolates. In addition to this novel iron acquisition locus, both CP4 and JGS4143 were found to carry two duplications of the feoAB ferrous iron transporter operon, based on genomic sequence comparisons with Str13 and SM101. It was not possible to determine how prevalent these additional feoAB copies were in the entire set of poultry isolates, because of the inability of the array to detect duplications.
Two chromosomal VRs encoding putative cell surface-related proteins, VR-10B and VR-109, were significantly associated with netB, though only one gene among the 12 found in VR-109 was found to be significant. VR-10B contains a poultry-specific putative adherence locus, as described above (Fig. 2) . VR-10A, the alternate allele to VR-10B, accordingly exhibited a significant negative association with netB-positive isolates and in nearly all cases was detected only when VR-10B was absent (Fig. 4) .
Association of plasmid maintenance loci with netB-positive poultry isolates. Variable regions characteristic of these systems were found on several netB-associated chromosomal loci, including two toxin-antitoxin systems (VR-27 and VR-33) (Fig. 4) . Additionally, VR-64 consists of a soj sporulation inhibitor protein (CP4_2645), part of the soj-spoOJ type I par locus involved in plasmid and chromosome segregation. Genome sequence comparison of the region surrounding CP4_2645 with the nonpoultry strains revealed that this gene is part of a larger variable locus consisting of 10 genes, nine of which are not represented on the array. These nine genes include a second component of the sojspoOJ operon, four degenerate transposases, and two genes that encode a type IIS restriction-modification system, which is absent from the nine nonpoultry strains. A second soj-spoOJ operon located within the C. perfringens core genome shares only 35% amino acid identity with the VR-64 soj gene, whereas a soj gene (PCP01) on pCP13 is 86% identical, suggesting that VR-64 is of plasmid origin.
Several plasmid-borne netB-associated variable regions that carry putative plasmid partitioning systems were also identified. VR-72 consists of two genes that share 99% nucleotide sequence identity with a putative partitioning system located on pCW3 (pCW3_0012-13), based on the CP4 sequence. Sequence comparisons of several C. perfringens toxin plasmids revealed that each contains a similarly organized region located within the conserved core sequence. Despite exhibiting synteny, these regions share little sequence identity (Fig. 5A) . Three additional netB-associated variable regions (VR-74, VR-90 and VR-95) were each subsequently found to contain two genes corresponding to this region in different plasmids. Specifically, the CP4 nucleotide sequences for VR-74, VR-90 and VR-95 are 99% identical to sequences in plasmids pNetB, pBeta2, and pCP8533etx, respectively, though nearly identical sequences were also found in other C. perfringens genomes. Pairwise amino acid alignments of the larger CDS present in each VR revealed only 22% to 34% sequence identity among them. The pCW3 CDS contains a provisional parM domain, suggesting that these regions might be related to the parMRC partitioning system. This system is often found in large, low-copynumber plasmids and consists of a ParM actin-like ATPase, which forms a dynamic filament that pushes ParR DNA-binding proteins to opposite poles of the cell, once bound to the parC cisacting centromere element (33) . Analogous to the Escherichia coli parC element, a series of direct repeats was located upstream from each putative ParM gene, with each upstream region containing a unique sequence motif (Fig. 5B and C) .
Conservation of netB-associated loci in prevalent NE clonal groups. A recent MLST study examining NE and healthy bird C. perfringens isolates found that the majority of those associated with NE belonged to two phylogenetically distinct clonal groups: clonal cluster 4 (CC-4) and sequence type 31 (ST-31) (13) . Based on in silico MLST analysis, CP4 and JGS4143 belong to CC-4 and ST-31, respectively (data not shown). Six additional poultry isolates had previously been typed by MLST (14) (see Table S1 in the supplemental material), of which two were closely related to CC-4 (MLST31 and MLST23) and another two to ST-31 (JGS4135, MLST11), based on previous analyses (13) . All of these isolates were netB positive and were obtained from diseased birds. Since these two clonal groups appear to have a selective advantage over other NE-associated strains in the environment, we sought to identify those netB-associated variable regions common to both types. Of the 94 variable genes that were significantly associated with netB, not including those in NELoc-1, 48 were found in all six of the isolates (Table 2 ). These included genes in variable chromosomal regions associated with both nutrient acquisition (VR-05, VR-22, and VR-38) and plasmid maintenance (VR-27 and VR-33). Overall, the distribution of variable regions among the isolates of the same clonal group was highly concordant (Fig. 6) .
Cluster analysis of microarray CGH data. We performed hierarchical clustering on the binary CGH data to evaluate the relationships in the genomic content among the 63 C. perfringens strains. Forty-nine of the 54 poultry isolates distributed into three major clusters (I through III). Clusters II and III contained 76% (19/25) of the disease-associated isolates and all of the netB-positive isolates, whereas cluster I contained mostly healthy bird isolates (65%) and only netB-negative isolates (Fig. 7) . Clusters II and III were composed of 61% (11/18) and 67% (10/15) netB-positive isolates, respectively, and were more closely related to each other than to cluster I. The dendrograms resulting from PFGE (see Fig.  S1 in the supplemental material) and CGH (Fig. 7) exhibited broad concordance; in particular, cluster III from the CGH dendrogram completely overlapped the same cluster from PFGE analysis, although six strains in PFGE cluster III were not in CGH cluster III (CP1, CP5, JGS4120, JGS4141, JP148, and MLST19).
The six poultry isolates closely related to clonal groups CC-4 and ST-31 segregated into clusters II and III according to their clonal group. The three ST-31-related isolates assembled into cluster II, and the three CC-4 related isolates assembled into cluster III, indicating that these two predominant lineages carry distinct chromosomal backgrounds.
The nine nonpoultry C. perfringens strains for which genome sequences are available, representing the entire range of toxin types and a diversity of host and disease associations, were also included in the analysis using data from in silico hybridizations. All of these strains, including the five type A strains, clustered separately from the poultry isolates (Fig. 7) , suggesting that poultry isolates share a core genome distinct from strains that occupy other niches. Variable genomic regions distinguishing NE-associated groups II and III. To further examine the genetic basis of the netB-associated clusters II and III, and to identify putative distinguishing phenotypic and genotypic markers, we performed association analysis on this subset of isolates as described above. A total of 91 genes were significantly associated (P corr Ͻ 0.05) with cluster II and 27 genes with cluster III (Fig. 8) . Several variable regions related to the cell wall and the capsule were predominantly present in cluster II, including VR-13 and VR-14, encoding a dTDP-L-rhamnose pathway, and VR-109, containing the JGS4143-specific CPS locus. A glucuronate catabolism operon (VR-100) and an ABC transporter system (VR-07) were also significantly represented in cluster II. Together, these additional variable regions found in many cluster II isolates predict phenotypic differences from isolates belonging to cluster III, possibly related to capsule structure and the ability to take up and utilize specific substrates, including glucuronate.
DISCUSSION
Clostridium perfringens is responsible for a diverse set of human and animal diseases, owing largely to the extensive pool of plasmid-encoded toxins carried by this species. Many of these toxinencoding plasmids undergo conjugative transfer (6, 8, 9) , so in principle, plasmid composition might be the only feature distinguishing a commensal strain from one of the many pathotypes. The identification of specific chromosomal regions associated with the netB plasmid in the present study suggests, however, that both plasmid and host genes contribute to NE pathogenesis. These results provide for the first time an explanation for the linkage between plasmid-mediated virulence in C. perfringens and the chromosomal background in which the plasmid resides, on the basis of the clonality recently identified in NE isolates (13) . Results of phylogenetic studies of C. perfringens strains associated with other diseases suggest that the contribution of chromosomal background to virulence varies by pathotype. For example, C. perfringens non-food-borne disease isolates possessing a plasmid-borne cpe are phylogenetically distinct, indicating that cpe-carrying plasmids are acquired into unrelated chromosomal backgrounds and still confer virulence (34) (35) (36) . In contrast, an MLST study examining C. perfringens isolates from 10 different host species found that the majority of bovine type E isolates assembled into the same clonal complex, as did porcine type C isolates, indicating an interrelationship between host and plasmidencoded factors, the basis of which is not understood (37) . The findings reported here for NE isolates represent a new paradigm in our understanding of C. perfringens as an enteric pathogen, and it might be applicable to these and other serious enteric infections caused by this organism.
Microarray CGH analysis revealed 400 variable genomic regions among the 54 poultry and nine nonpoultry isolates examined. Many of the variable genomic regions corresponded to cell surface structures, such as CPS, consistent with the intense selective pressure faced by these proteins through direct exposure to the host immune system. A number of the variable genomic regions were also putatively involved in the metabolism of various carbohydrates, which might be expected to impart fitness advantages via access to supplemental carbon sources.
There has been one previous comparative study of C. perfringens genomes, in which a number of variable regions were identified among three type A strains (Str13, ATCC 13124, and SM101). The largest of these was a 243-kb genomic island that was present in ATCC 13124 but absent from Str13 and only partially present in SM101 (25) . This island was found to be largely intact in the 54 poultry and six nonpoultry isolates examined here and thus appears to be a deletion specific to Str13. A significant amount of variability was observed in this region, however, with 23 kb of sporadic insertions encoding 44 additional CDSs in the CP4 genome compared to the results from ATCC 13124. The 5= end of this island contains one of three prophages found in the CP4 genome, all of which exhibit significant local variability and likely represent recombinational hotspots (38) . This previous study also found that several minor extracellular toxins and enzymes were variably present (25) ; however, only nagL exhibited variability among our isolates and the six nonpoultry strains, suggesting that these genes are constituents of the C. perfringens core genome.
The NetB toxin gene was present in 60% of NE bird isolates and, in general, was found together with the other genes that comprise NELoc-1. Given the strong potential for recombination among C. perfringens plasmids, the strict conservation of this locus might indicate that NELoc-1 genes, in addition to netB, are important for pathogenesis. The relatively low prevalences of netB among the poultry NE isolates were similar to the findings from previous studies (2, 3, 39, 40) . Assuming that netB is critical to NE pathogenesis, these low prevalences might reflect the occasional inadvertent isolation of a commensal strain, a propensity for the netB plasmid to be lost during isolation, or both. It is interesting Table S3 in the supplemental material for details on the variable regions.
that, of the three previously identified loci, NELoc-2 was most closely associated with NE bird isolates, which might be a consequence of its more stable location on the chromosome. Studies have demonstrated that netB-positive isolates from healthy birds will initiate disease in a model system, while netB-negative isolates from diseased birds will not (3, 32) . For this reason, we chose to use netB carriage, as opposed to host disease status, as an indicator of virulence in our analyses. Additionally, all of our netB-positive isolates, regardless of host disease status, were cytotoxic against the chicken leghorn male hepatoma (LMH) cell line (data not shown), indicating that they produce functional NetB toxin and are therefore most likely virulent (32) .
One of the most striking findings was the association of several chromosomal loci that appeared to be involved in enhancing fitness as it relates to virulence with netB. These included genes for iron acquisition (VR-22), carbohydrate utilization (VR-05 and VR-06), and adherence (VR-10B). It is hypothesized that some or all of these loci provide a selective advantage to strains that have acquired NELoc-1-and NELoc-3-containing plasmids by contributing to the initiation of infection.
A second hypothesis that might account for the association of specific chromosomal genes with plasmid-borne virulence genes is that the chromosomal genes play a role in maintenance of the virulence plasmid. It has been proposed that plasmid addiction, partitioning, and multimer resolution systems are all required for successful transmission of large low-copy-number virulence plasmids (41) . Several chromosomal loci encoding putative plasmid maintenance systems, such as addiction modules and partitioning systems, were significantly associated with netB-positive isolates. These systems appear to be active in maintaining pNetB, since we were unable to cause any significant reduction in plasmid carriage even after approximately 80 generations (data not shown), despite anecdotal evidence to suggest that it can be readily lost during subculture. While these systems are typically encoded on the plasmid itself, examples of host-encoded plasmid maintenance systems do exist (42) (43) (44) (45) .
A number of plasmid-associated regions were also significantly associated with netB, including four different loci that appear to encode plasmid partitioning systems. The genetic organization of these loci and the presence of upstream parC-like sequence motifs (46) strongly suggest that they encode parMRC-like partition systems. The presence of different parMRC-like systems on different plasmids might explain how multiple large plasmids are able to successfully segregate within a single host and would likely form a basis for plasmid incompatibility (46) . Two of these loci were localized to pNetB or pBeta2 (carrying NELoc-3), thus offering an explanation for their association; however, it is not clear why regions specific to other plasmids, or part of the conserved core region, were also significantly associated. It is possible that factors encoded by multiple different plasmids contribute to NE pathogenesis or, alternatively, that strains carrying pNetB are more likely to harbor other additional plasmids. An assessment of the plasmid complement among this set of isolates, in addition to functional studies, would help to elucidate the exact nature of this association.
The segregation of the netB-positive isolates into two major clusters based on gene content coincides well with recent MLST findings that most NE-associated isolates belong to two predominant clonal groups (13, 14) and suggests that at least two phenotypically distinct subpopulations of NE-causing strains exist. The lack of pathways for glucuronate catabolism (VR-100) and nutrient uptake (VR-07) by the majority of cluster III isolates does not necessarily preclude a selective advantage, as the loss of metabolic pathways can be beneficial if there is an unnecessary cost to their maintenance (47) . The contribution of these differentiating loci to overall fitness might permit different subtypes to prevail in response to variations in host or environmental conditions. These distinguishing loci among the two clusters might be used, in combination with markers that differentiate these strains from healthy isolates, to identify specific NE subtypes.
In summary, these results suggest that netB-positive strains have arisen through clonal expansion, as opposed to acquisition of virulence plasmids by disparate hosts. The distribution and incomplete conservation of the chromosomally located loci associated with netB-positive isolates suggest that they provide subtle incremental effects on fitness as it relates to pathogenesis. It is also apparent that not all NE-causing strains are identical in terms of chromosomal backgrounds, and that at least two distinct subpopulations exist. Further studies targeting specific loci to examine their impacts on overall fitness and plasmid stability will help elucidate the mechanisms responsible for these chromosomal and extrachromosomal linkages.
